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-influx on muscle signaling pathways involved in degeneration (␤-actin and MurF), inflammation (IL-6 and TNF-␣), and regeneration (MyoD1, myogenin, and Myf5) was investigated, using pulse parameters of both electrochemotherapy (8 HV) and DNA delivery (HVLV). Three pulsing conditions were used: 8 high-voltage pulses (8 HV) , resulting in large permeabilization and ion flux, and a combination of one high-voltage pulse and one low-voltage pulse (HVLV), either alone or in combination with injection of DNA. Mice and rats were anesthetized before pulsing. At the times given, animals were killed, and intact tibialis cranialis muscles were excised for analysis. Uptake of Ca 2ϩ was assessed using 45 Ca as a tracer. Using gene expression analyses and histology, we showed a clear association between Ca 2ϩ influx and muscular response. Moderate Ca 2ϩ influx induced by HVLV pulses results in activation of pathways involved in immediate repair and hypertrophy. This response could be attenuated by intramuscular injection of EGTA reducing Ca 2ϩ influx. Larger Ca 2ϩ influx as induced by 8-HV pulses leads to muscle damage and muscle fiber regeneration through recruitment of satellite cells. The extent of Ca 2ϩ influx determines the muscular response to electrotransfer and, thus, the success of a given application. In the case of electrochemotherapy, in which the objective is cell death, a large influx of Ca 2ϩ may be beneficial, whereas for DNA electrotransfer, muscle recovery should occur without myofiber loss to ensure preservation of plasmid DNA. skeletal muscle; electroporation; degeneration; regeneration ELECTROTRANSFER, DEFINED AS electric pulse-mediated transport across cell membranes, has received considerable attention as a safe and efficient nonviral method for delivery of molecules to tissues. Two types of clinical applications are currently in use (6, 25, 27) . The first is DNA electrotransfer, in which the objective is to introduce DNA to the tissues. DNA electrotransfer to skeletal muscle has been shown to result in long-term transgenic expression reaching systemic therapeutic levels of the transgenic product (20, 31) . This has paved the way for utilizing the potential of the muscle as an endocrine organ in clinical trials (16) . In addition, DNA electrotransfer is used in an increasing number of mechanistic studies for rapid overexpression of any gene of interest.
The second clinical application is electrochemotherapy. Here, the delivery of cytostatics (e.g., bleomycin) is facilitated by electric pulses, which permeabilizes tumor cells. The objective is to kill cancer cells; thus, the pulses need to result in good permeabilization, and any damage caused by the pulses is a welcome side effect. Currently, more than 700 cancer patients have been treated with electrochemotherapy for local subcutaneous or cutanous nodules, and the complete response rate has been up to 70% (27) .
Electrotransfer uses short electric pulses to transiently permeabilize the cell membrane, rendering the cytosol accessible for plasmid entry. Different electric pulse parameters have been used, depending on the molecule needed to be transported and the aim of the treatment. Trains of short (s), high-voltage pulses result in good permeabilization of the membrane and are generally used for delivery of small molecules, as the transfer of these rely on simple diffusion through the permeabilized membrane. In contrast, long (ms) pulses of lower amplitudes are needed for delivery of larger molecules, e.g., DNA (26, 31) . The transfer of the larger DNA molecule is more complex and is a multistep process involving electrophoretic drag of the DNA toward the membrane, DNA accumulation, adsorption, and transport over the plasma membrane, cellular trafficking of the DNA to the nucleus, and finally gene expression (8) . The combination of one short high-voltage pulse with one long low-voltage pulse has been found to be efficient in this type of transfer (3) .
Intrinsic to the electropermeabilization of the membrane lies a free exchange of molecules across the otherwise highly selective cell membrane. This exchange of ions, in particular, Ca 2ϩ , Na ϩ , and K ϩ , can have major impact on the muscle physiology. Ca 2ϩ is a highly important signaling molecule, which normally is tightly regulated in the cytosol, where the concentration is kept at submicromolar levels. In contrast, the extracellular concentration of Ca 2ϩ is 1.3 mM, resulting in a very large concentration gradient across the cell membrane. Ca 2ϩ influx in muscles, as for instance during an exercise bout, is an important stimulus for muscle adaptations. At controlled levels, Ca 2ϩ influx activates several transcription factors, including CaMK kinase, calcineurin, and PI3K, leading to muscle adaptation, like muscle fiber hypertrophy and metabolic reprogramming (1, 24, 35) . A larger influx of Ca 2ϩ , on the other hand, leads to activation of calpain, which may assist resealing processes locally (28) or, if excessive, may result in proteolysis (5, 29, 37, 38) . Increases in intracellular free Ca 2ϩ ([Ca 2ϩ ] i ) also lead to increases in reactive oxygen species (ROS) (for a recent review, see Ref. 34 ) and activation of phospholipases (7, 21, 33, 36) , leading to degradation of cell components. Again depending on the extent of the degradation, this could possibly result in secondary leakage of Ca 2ϩ from the sarcoplasmic reticulum and across the plasma membrane (36) ] i above this level would drive the cells beyond the "point of no return" (4) . With this in mind, it becomes interesting to investigate whether the influx of Ca 2ϩ associated with electropermeabilization is below the repair threshold and thus leads to activation of signaling pathways involved in, e.g., hypertrophy, or whether [Ca 2ϩ ] i rises above the critical level, activating degradative pathways, ultimately leading to the destruction of the cell.
In this study, the role of electrotransfer-mediated Ca 2ϩ influx on muscle signaling pathways involved in degeneration (␤-actin and MurF), inflammation (IL-6 and TNF-␣), and regeneration (MyoD1, myogenin, and Myf5), using pulse parameters of both electrochemotherapy and DNA delivery, was investigated. Three pulsing conditions were used. The first consisted of 8 high-voltage pulses (8 HV) as used in electrochemotherapy. This is known to result in good permeabilization and a large uptake of Ca 2ϩ (14, 19) . This pulsing condition is hypothesized to lead to tissue damage followed by regeneration. The second and third pulsing conditions involve the high-voltage, low-voltage pulse combination used for DNA delivery, either alone, or a combination of one high-voltage pulse and one low-voltage pulse (HVLV), or with injection of DNA prior to pulsing (HVLVϩDNA). These conditions are known to result in smaller uptakes of Ca 2ϩ (14, 19) and are hypothesized to lead to minor damage, within the repair capacity of the cells, followed by hypertrophy of the muscle.
MATERIALS AND METHODS
Animals and muscle preparation. All animal experiments were conducted in accordance with the recommendations of the European Convention for the Protection of Vertebrate Animals used for Experimentation and after permission from the Danish Animal Experiments Inspectorate. Animal experiments were performed on 8-to 10-wk-old female C57BL/C mice from Taconic (Tornbjerggaard, Denmark) or 4-to 6-wk-old Wistar rats (own breed). The animals were maintained in a thermostated environment under a 12:12-h light-dark cycle with free access to food and drinking water and were fed a standard maintenance diet (Altromin pellets, Spezialfutter-Werke, Germany). The animals were killed by quick cervical dislocation, and intact tibialis cranialis (TC) muscles were excised and quickly frozen on dry ice and absolute alcohol. For determination of muscle weight, the excised muscles were carefully cleared from tendons, and the wet weight was determined. Then, the muscles were dried to constant weight in a heating cabinet at 60°C, and dry weight was determined.
Plasmid constructs and in vivo DNA electrotransfer. The plasmids pTet-On, encoding the rtTA transactivator (15, 22) , and pTetS, encoding the tS silencer (23), were both obtained from Clontech (Palo Alto, CA). pUHD-mEPO encoding murine EPO (mEPO) under the control of an rtTA-dependent promoter in the pUHD backbone plasmid has previously been described (20) . pTagFP635-encoding Katushka under the control of a cytomegalovirus promoter was obtained from Evrogen (Moscow, Russia) (18) . All DNA preparations were performed using Qiafilter Plasmid Maxiprep kits (Qiagen, Hilden, Germany), and the concentration and quality of the plasmid preparations were controlled by spectrophotometry and gel electrophoresis.
The animals were anesthetized 15 min prior to DNA electrotransfer by i.p. injection of Hypnorm (0.4 ml/kg; Janssen Saunderton, Buckinghamshire, UK) and Dormicum (Roche, Basel, Switzerland; 2 mg/kg). The plasmid solution (1 g in 20 l im) was injected along the fibers into the TC muscle using a 29G insulin syringe. Plate electrodes (4-mm gap for mice, 6-mm gap for rats) were fitted around the hind legs. Good contact between electrode and skin was ensured by hair removal and use of electrode gel. The electric pulse parameters were for 8 HV: 8 ϫ 100 s at 1,000 V/cm and for HVLV: 1 ϫ 100 s at 800 V/cm followed by 1 ϫ 400 ms at 100 V/cm. Induction of gene expression was obtained by administering drinking water containing 0.2 mg/ml doxycycline (doxycycline hyclate; Sigma-Aldrich, Copenhagen, Denmark) in distilled water (17) . For the EGTA experiment, 20 l of 5 mM EGTA solution was injected in the tibialis cranialis muscle prior to electropulsing.
45 Ca electrotransfer. 45 Ca was diluted in PBS, resulting in a final concentration of 0.5 Ci/ml. Mice were injected with 20-l tracer solution intramuscularly along the fibers into the TC muscle, using a 29G insulin syringe immediately before treatment. One hour after treatment, the animals were killed, and the tibialis cranialis muscles were excised, weighed, and soaked overnight in 2.5 ml 0.3 M trichloroacetic acid (TCA). 45 Ca activity of the TCA extract was determined by liquid scintillation counting (Tri-carb2100 TR; Packard, Meriden, CT). Results are expressed as counts per minute per milligram dry weight. Ca 2ϩ content. After muscle excision, the tendons were removed, and the muscles were blotted. Wet and dry weights were determined. Then muscles were soaked overnight in 3 ml 0.3 M TCA to extract Ca 2ϩ (12) . Ca 2ϩ content was determined by atomic absorption spectrophotometry (Solaar AAS; Thermo Fisher Scientific, Horsham, UK) using 1.5 ml of the TCA extract mixed with 150 l of 0.27 M KCl. The muscle extracts were measured against a blank and standards containing 12.5 or 25 M Ca 2ϩ . Blood analyses. At the termination of the experiments, 500 l blood were drawn from the mice by cardiac puncture and processed to serum. A Mouse Multiplex Cytokine kit (Millipore Linco Research, St. Charles, MO) was performed to determine IL-6, IL-10, and TNF-␣ serum levels.
RT-qPCR analysis. Total RNA was isolated from frozen mouse muscle by tissue homogenization and RNA extraction using the TRIzol reagent (Invitrogen Life Technologies, Naerum, Denmark). RT-PCR was performed using random p(dN)6 primers (Applied Biosystems, Warrington, UK) and MultiScripe Reverse Transcriptase (Applied Biosystems). All amplifications were performed using the SYBR Green PCR Master Mix (Applied Biosystems), and sequence-specific primers (myogenin: forward: GGTGCCCAGTGAATGCAACT, reverse: AGC-CGCGAGCAAATGATCT; MyoD1: forward: CACTCCGGGA-CATAGACTTGACA, reverse: CGAAACACGGGTCATCATAGAA; Myf5: forward: GCCAGTTCTCCCCTTCTGAGTA, reverse: ACTG-GTCCCCAAACTCATCCT; IL-6: forward: GAGGATACCACTC- Fig. 1 . Electrotransfer-mediated 45 Ca uptake in mouse tibialis cranialis (TC) muscle. A solution containing 45 Ca was injected into the TC muscle of the mouse in vivo followed by electropulsing. One hour after electropulsing, the muscles were excised and 45 Ca uptake was determined (n ϭ 8). Statistical significance was evaluated by one-way ANOVA with ad hoc Bonferroni post tests. *P Ͻ 0.05, and **P Ͻ 0.001. CCAACAGACC, reverse: AAGTGCATCATCGTTGTTCATACA; TNF-␣: forward; CATCTTCTCAAAATTCGAGTGACAA, reverse: TGGGAGTAGACAAGGTACAGCCC) and premade primers for 18s, ␤-actin and Murf. PCR and detection were performed using the Taqman 7900 with the following protocol: activation of polymerase at 95°C for 10 min, followed by 50 cycles of 95°C for 15 s and 60°C for 1 min, followed by a dissociation curve (Applied Biosystems).
Histology. Four hours, 48 h, and 3 wk after treatment, mouse muscles were isolated and fixed in 1 ml formalin buffer or Glyo-Fixx (Shandon, Pittsburgh, PA). After paraffin embedding, transverse sections of 3-5 m were prepared and stained with alkaline-phosphataseconjugated anti-CD68 antibodies followed by counterstaining with Mayer's hematoxylin.
Statistics. Results are presented as means Ϯ SD. For the 45 Ca data, one-way ANOVA was performed to determine statistical significance between the treatments. For the gene expression analyses and EGTA experiment, two-way ANOVA with ad hoc Bonferroni post hoc tests was performed to determine significant differences between treatment groups and time points. P Ͻ 0.05 was considered statistically significant.
RESULTS

Electropermeabilization and Ca
2ϩ influx in muscles. Muscle fiber permeabilization was determined by the uptake of 45 Ca in response to different combinations of electric pulses (Fig. 1) . In TC muscle of mice, DNA injection alone did not cause any increase in 45 Ca uptake compared with uptake in the untreated contralateral control. Not surprisingly, all treatments involving pulsing significantly increased 45 Ca uptake. Pulsing using HVLV led to a small 1.6-fold increase in 45 Ca uptake (P Ͻ 0.05). Injection of plasmid DNA prior to pulsing augmented 45 Ca uptake (2.2-fold, P Ͻ 0.05), whereas pulsing using 8-HV pulses resulted in an even larger increase in 45 Ca uptake (3.5-fold , P Ͻ 0.001). Measurements of total muscle Ca 2ϩ content showed that Ca 2ϩ content increased to a similar level in muscles exposed to HVLV pulses and injected with DNA, as muscles exposed to HVLV pulses and injected with a similar volume of saline (Fig. 8A) .
Muscle degradation after electropulsing. Excessive Ca 2ϩ influx in muscle can activate several degradation pathways, including calpain and the ubiquitin system (2, 29). As part of its proapoptotic activity, calpain cleaves major components of the cytoskeleton, i.e., actin. In line with this, we measured ␤-actin expression and found that pulsing with HVLV pulses had no significant effect 24 h after treatment but induced ␤-actin expression 5-fold (P Ͻ 0.001) 48 h after treatment, independent of the presence of plasmid DNA. Eight HV pulses induced a 5-fold increase (P Ͻ 0.001) in ␤-actin expression 24 h after treatment and an 8-fold increase (P Ͻ 0.001) 48 h after treatment, indicating a major need to replace degraded cytoskeleton components ( Fig. 2A) . For both 8 HV and HVLV ϩ DNA, ␤-actin expression stayed elevated at 96 h. The ubiquitin ligase MurF was significantly upregulated by HVLV pulses, both in the presence and absence of DNA 4 and 24 h after treatment (P Ͻ 0.001) (Fig. 2B) . Following 8-HV pulses, on the other hand, MurF expression was completely blunted.
In parallel experiments, weights of rat TC muscles exposed to the three pulsing conditions were determined. Dry weight was determined to get a direct measure of loss of muscle mass and wet weight was determined, since this, in relation to dry weight, can give a measure of the amount of edema in the tissue. Eight HV pulses led to a massive loss of muscle mass, with a 39% (18 Ϯ 5 mg) reduction in dry weight 1 wk after treatment (Fig. 3) . HVLVϩDNA led to a small decrease in muscle mass (Ϫ10%) at 1 wk, and an actual increase in muscle mass (5%) 2 wk after treatment. HVLV alone only resulted in a small decrease at 1 wk (Ϫ13%) and no change at 2 wk. Muscle wet weight showed that all three pulsing conditions resulted in edema at 60 min. Eight HV and HVLV ϩ DNA gave rise to ϳ30% (34 -39 mg) increase in muscle wet weight, while HVLV alone resulted in 17% (19 mg) increase. Here, it is worth noticing that DNA injection (20 l ϭ 20 mg) may have affected the wet weight of the muscle. When comparing the two pulsing regimes (8 HV vs. HVLV), it is clear that 8-HV pulses affect the tissue to a greater extent. One and two weeks after treatment, the correlation between changes in wet weight and dry weight showed a better correlation, suggestive of recovery from edema in the tissue.
Muscle regeneration and hypertrophic response. To investigate the regenerative response, the expression of several myogenic factors was measured following treatment (Fig. 4) . MyoD1, which controls muscle fiber differentiation at an early stage, was induced 3-fold at 4 h by the HVLV pulses, independent of the presence of plasmid DNA (P Ͻ 0.001), while no effect was observed in myogenin at this time. Eight HV did not induce any increase in MyoD1 or myogenin at 4 h. In contrast, both MyoD1 and myogenin increased 8-(P Ͻ 0.001) and 40-fold (P Ͻ 0.001), respectively, 96 h after electropulsing with 8-HV pulses. This increase was preceded by a significant 12-fold increase in Myf5 (P Ͻ 0.001), which stimulates satellite cell proliferation. HVLVϩDNA gave rise to increases in all three myogenic factors at 96 h but at a level significantly lower than 8 HV (P Ͻ 0.001). HVLV alone did not give rise to a response at 96 h.
In the above-mentioned experiment, the muscles were transfected with EPO, which increased from undetectable levels to significant increased levels (Fig. 5) . As EPO has been proposed to stimulate proliferation of myoblasts, we investigated the induction of MyoD1, myogenin, and Myf5 in Katushka transfected muscles. At 48 h, there was no difference between the induction of these three factors between EPO and Katushka transfected muscles ( Table 1 ), indicating that the regenerative response is due to the electrotransfer procedure and not dependent on the transgene.
Histology. In line with our gene expression results, histological analyses of the treated mouse TC muscles show that 8-HV pulses induce massive muscle fiber damage at 4 and 48 h, evident as disintegration of fiber morphology, vast infiltration, and staining for CD68 at 48 h, and regenerating muscle fibers with central nuclei 3 wk after treatment (Fig. 6) . HVLV-DNA, also, induced some muscle fiber damage and staining for CD68 at 48 h, which was followed by regeneration at 3 wk. Muscles treated with DNA injection or HVLV pulses showed maintenance of muscle fiber integrity and exhibit little infiltration of mononuclear cells.
Local and systemic inflammation after DNA electrotransfer. Muscle expression of the proinflammatory cytokines IL-6 and TNF-␣ was measured to determine the local inflammatory response to DNA electrotransfer (Fig. 7) . In mice, DNA injection significantly increased IL-6 expression at 4 h both with and without electropulsing using HVLV pulses (P Ͻ 0.001 and P Ͻ 0.05, respectively). HVLV pulses alone, however, did not cause any increase in IL-6 expression. In contrast, 8-HV pulses significantly induced IL-6 expression at 4 h (P Ͻ 0.001). TNF-␣ expression increased with 8 HV and HVLVϩDNA treatment at 24 and 48 h, while neither DNA injection nor HVLV alone had any effect. The serum levels of IL-6, TNF-␣, and IL-10 were determined in blood samples taken from mice 2, 24, and 48 h after DNA electrotransfer (HVLVϩDNA). No systemic inflammation was observed. The systemic levels of the proinflammatory cytokines were not investigated after electropulsing with 8-HV pulses.
EGTA attenuate Ca 2ϩ -mediated inductions in regenerative factors. To ascertain that the induction of regenerative factors was directly linked to the Ca 2ϩ influx, electrotransfer with HVLV pulses was performed following intramuscular injection of EGTA. EGTA injection significantly attenuated the uptake of Ca 2ϩ in HVLVϩsaline and HVLVϩDNA-treated muscles (Fig. 8A) . This was correlated with a significant reduction in the electroporationinduced increase in myogenin expression (Fig. 8B) . EGTA also tended to attenuate the electroporation-induced increase in MyoD1 expression; however, this induction was so low that the attenuation did not reach significance (Fig. 8C ).
DISCUSSION
In this study, we show that there is a clear association between pulsing conditions, Ca 2ϩ influx, and muscular response. We show that moderate Ca 2ϩ influx, induced by HVLV pulses, results in activation of pathways involved in immediate repair and hypertrophy and that blocking the Ca 2ϩ influx by EGTA attenuates this response. In contrast, the larger Ca 2ϩ influx induced by 8-HV pulses leads to muscle damage and muscle fiber regeneration through recruitment of satellite cells.
Calcium influx and electrotransfer. Excessive local intracellular calcium concentration is typically a sign of membrane damage, and it elicits a chain of events leading to membrane repair. These include activation of calpain, which cleaves cytoskeleton components to make room for transport of vesi- cles (28) . These vesicles are trafficked to the membrane to repair the membrane defect, providing new phospholipids and other membrane components (32) . In continuation of this, the ubiquitin system, including MurF, is activated to ensure controlled clearance of excess molecules. However, if the calcium influx is too large, cellular calcium overload may occur, leading to uncontrolled degradation of cellular components and activation of phospholipase and ROS production, causing damage to the cell (10), as well as exhaustion of ATP (19) . In this study, we found that moderate calcium influx, as induced by HVLV pulses, in combination with DNA injection, induced ␤-actin and MurF expression. These data suggest the presence of local damage to the membrane, which is then repaired. This is further supported by the early increase in MyoD1, which stimulates myofiber differentiation and fusion of satellite cells with existing myofibers to heal wounded areas. In contrast, MurF expression and early MyoD1 induction was completely blunted using 8-HV pulses. This indicates that the immediate repair mechanisms were abolished. In addition, both histology, muscle dry weight, and the massive activation of myogenic factors at 96 h, suggest that electropulsing with 8-HV pulses, which was associated with a large calcium influx, resulted in muscle degeneration and loss of functional myofibers.
We have previously shown that muscle mass dropped (by 49%) after electropulsing with 8 HV (14) . In that study, loss of muscle mass was largest 96 h after pulsing, already showing some recovery at 1 wk. This is in line with the present findings supporting the hypothesis that muscle degeneration pathways are highly activated following 8 HV.
The large activation of all investigated myogenic factors 96 h after 8-HV treatment indicates muscle regeneration with Fig. 7 . The inflammatory response to electrotransfer. IL-6 (A) and TNF-␣ (B) expression were investigated in murine TC muscles following electrotransfer with 8 HV or HVLV pulses. Muscles were excised at 4, 24, 48, 96, and 168 h after treatment (n ϭ 8). Statistical significance was evaluated by two-way ANOVA with ad hoc Bonferroni post tests. *P Ͻ 0.001. Fig. 8 . EGTA attenuates Ca 2ϩ influx and the regenerative response. Mice TC muscles were electrotransferred after injection of 20 l saline (none) or 20 l EGTA 5 mM (EGTA) solution. For the HVLVϩDNA, the plasmid was diluted in the saline or EGTA solution. Forty-eight hours after transfection, muscles were excised, and Ca 2ϩ content was determined by atomic absorption (A), while myogenin (B) and MyoD1 (C) expression was determined by PCR. Statistical significance was evaluated by two-way ANOVA with ad hoc Bonferroni post hoc tests. **P Ͻ 0.001 from control saline-injected muscles. $P Ͻ 0.001 for EGTA injection as evaluated by the two-way ANOVA.
recruitment of satellite cells and repair of damaged muscle fibers. Using HVLV pulses, we detected a 10% reduction of TC weight 1 wk after DNA electrotransfer, followed by a significant increase in muscle weight compared with the control muscle at 2 wk. This correlates with the activation of the ubiquitin system and myogenic factors leading to hypertrophy following this treatment.
Physiological effects of electrotransfer. We have previously investigated the physiological effects on force, functional impairments, and muscle weight following DNA electrotransfer to muscle tissue (Table 2 ). These physiological effects largely depend on the pulses used, and, thus, the degree of membrane permeabilization, as, e.g., contractile force is moderately affected the first hours after electropulsing with HVLV and is completely restored within 4 h. Eight HV pulses, on the other hand, induce massive reductions in contractile force, which is not even restored within 1 wk. The functional impairments, which include running and grabbing behavior, are longer lasting than the force deficit. This might be a consequence of edema formation, as there appears to be a correlation between the presence of edema and functional impairments.
Comparable calcium influx during electrotransfer or exercise. It has previously been shown that electrical stimulation (very low voltage causing contraction) of skeletal muscle is associated with an influx of Ca 2ϩ across the plasma membrane (11, 13, 30) . This influx, which depends on the number of depolarizations, could serve as a signal for adaptation to muscle activity and thus be involved in regulation of energy metabolism and hypertrophy. In the first minute of electrical stimulation, Ca 2ϩ uptake may increase up to 30-fold (13) . DNA electrotransfer doubles 45 Ca uptake the first 60 min. Because of the nature of resealing of the electropores, it would be expected that the uptake was largest under and immediately after the electric pulse, decaying exponentially with a time constant of about 9 min (9). Thus, the Ca 2ϩ signal from DNA electrotransfer may mimic the Ca 2ϩ signal experienced during exercise, which could explain the activation of the myogenic factors. Exercise-induced or electrotransfer-induced calcium influx might be very similar. Clinical studies with electrotransfer to muscle tissue report that patients experience slight muscle soreness in the treated area, comparable to that observed after strenuous exercise. It should be noted though, that electrotransfer in humans is limited to a small muscle volume, as delineated by the electrodes, and which for most electrode configurations, does not exceed 1 cm 3 . Conclusion. In conclusion, the extent of calcium influx during electrotransfer determines the muscular response. Small local defects in the membrane occur as a consequence of the electric pulses, leading to activation of degenerative and regenerative signaling pathways. Our results indicate that HVLV pulses induce an immediate differentiation stimulus to the muscles, whereas 8-HV pulses initiate a full-regeneration response with activation of satellite cells, followed by differentiation to functional myofibers. Important for the DNA electrotransfer to be successful, muscle recovery should occur without loss of myofibers to ensure that the plasmid DNA is not lost and gene transfection persists.
Perspectives and Significance
Electrotransfer is a technique that holds great promise in the treatment of cancer, gene therapy, and as a tool for researchers wishing to upregulate or downregulate proteins of choice or load cells with otherwise membrane-impermeable drugs or molecules. Knowledge of the reactions in the tissue to the treatment is vital for development of efficient electrotransfer protocols and may help researchers and physicians using this technique to overcome technical problems. 0% 55% 55% 80% Percentile changes following electrotransfer with HVLV and 8HV and DNA injection. Data include a few new observations but are mostly summarized from our previous publications (13, 17) .
